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γ-rays from Cosmological WIMPs Halo Structures
Pair annihilation of weakly interacting massive particle (WIMP) dark matter into high energy photons taking place in dark matter halos at all redshifts might contribute to the extragalactic diffuse gamma-ray radiation. The 2γ-annihilation channel would give rise to a distinct feature in the spectrum, a line which is distorted by the integration over all cosmological redshifts [1] .
The differential flux of gamma-rays from cosmological WIMP annihilations can be calculated as in [2] .
absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-ra rption via pair production on the extragalactic background light emitted by galaxies in the optical and infr e. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with da extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15] ). We ntage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameteriz e optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% es for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled "Kennicut"; the accura parameterization is much better than the spread in the predictions considering alternative models [15] ). parison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6 , allicity correction) is in fair agreement with the model we are assuming as a reference model in the energy r terest in this work, i.e. below a few hundred GeV. he estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obta umming over all contributions in the form in Eq. (4):
re the integration along the line of sight has been replaced by one over redshift, H 0 is the Hubble parameter speed of light and h depends on the cosmological model,
his work we put the contribution from curvature Ω K = 0, in agreement with the prediction from inflation recent measurements of the microwave background [2] . Taking the limit in which all structure is erased and ter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with zmann equation in BEU (Eq. (4) therein).
III. THE PROPERTIES OF HALOS
hree ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the W annihilation cross section and estimate the number of photons emitted per annihilation, as well as the en ribution of these photons: the choice of the particle physics model fixes this element. As photons are emitt annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number densi source. The second element needed is then the dark matter density profile in a generic halo of mass M at red inally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function. me insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline otheses and results entering the prediction for the dark matter induced flux. We start with the mass functio matter halos.
A. The halo mass function ress-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast universal form:
The question of how dark matter is distributed on small, galactic and sub-galactic scale is still a matter of debate. However, Nbody simulations show that large structures form by the successive merging of small substructures, with smaller objects usually being denser [3] . Since the annihilation rate is proportional to the dark matter density squared, "clumpiness" of dark matter can significantly boost the annihilation signal from cosmological WIMPs. The quantity Δ 2 (z) describes the averaged squared over density in haloes, as a function of redshift. Also within larger halos there might exist smaller, bound halos that have survived tidal stripping. These halos are indicated to have masses all the way down to 10⁻⁶ M [4] . Although not as numerous as the primary halos the substructure halos arise in higher density environments which makes them denser than their parent halo.
GLAST sensitivity
Fast detector simulations were done for a generic model of WIMPs annihilating into 2γ, giving a line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 GeV to 250 GeV. A χ2 analysis was performed, assuming that the background consists of unresolved blazars [2] , to obtain a sensitivity plot in <σv> vs Mχ. The WIMP signal was computed using two different halo profiles for the normalization: the NFW profile [9] and one from Moore et al. [10] where we also have included the effect of substructures, assuming that they have three times the concentration parameter of the parent halo. The concentration parameters, as a function of halo mass, is distributed according to [13] . The result shows that GLAST is sensitive to total annihilation cross-sections of the order 10 -26 -10 -25 cm 3 s -1 , depending on the exact halo model, for a generic spectral shape consisting of a line and a continuum part. It should be noted that, would the dominant fraction of dark matter indeed be thermal WIMPs annihilating according to our simplified model, cosmology would, to first order, constrain the cross-section to be <σv> ~ 3·10 -26 cm 3 s -1 . However, there are models and scenarios for dark matter that do allow for larger crosssections, see eg. [11] .
One should also note that the extragalactic background spectrum from astrophysical sources is very uncertain, especially at high energies.
is the WIMP mass. Note that in previous literature, the prefacto The derivation based on the Boltzmann equation in BEU adds to o Eq. (21) we applied the definition of R vir and introduced the integ
with the lower limit of integration x min = r min /a set, in a singu roughly by ρ( (5), we find that the gamma-ray flux
where we have defined
and the quantity
(Note that this definition differs from that in BEU [8] by a factor 1 is that ∆ 2 M (z, M ) = 1 if all matter is at the mean density for reds extragalactic γ-ray flux, see, e.g., [9] , the role of structure was not assumed to be described simply by the mean cosmological matter picture, ∆ 2 M (z, M ) gives the average enhancement in the flux due t all such contributions weighted over the mass function. As we will to structure amounts to several orders of magnitude. 
The annihilation yield is of the form:
The first term is the contribution from WIMP annihilations into the full set of tree-level final states, containing fermions gauge or Higgs bosons, whose fragmentation/decay chain generates photons. These processes give rise to a continuous energy spectrum. The second term is a line originating from annihilation into a two-photon final state. Although of second order, this term gives rise to monochromatic photons with energy E = Mχ.
Calculated fluxes from cosmological WIMPs annihilating into 2γ final state and continuous spectra, from annihilations into bb-bar, with WIMP masses of 50,100, 250 GeV. The total cross section for annihilation is <σ₂ b v> = 3·10 -26 cm 3 s -1 and the branching into 2γ is 10 -3 .
Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly affected by absorption in the inter-galactic medium, especially at high enrgies. The absorption is parameterized by the parameter τ, the optical depth. The dominant contribution to the absorption in the GeV-TeV range is pair production on the extragalactic background light emitted in the optical and infrared range. For the optical depth as function of both redshift and observed energy we use the results of [5] . The dimensionless hubble parameter h(z) depends on the energy content of the universe which changes with redshift. For this we use the results from the WMAP three-year data [12] .
Previous observations and backgrounds
The first indications of an isotropic, possibly extragalactic, flux came from the SAS-2 satellite [6] and where later confirmed by EGRET [7] . The determination of the extragalactic diffuse γ-ray background emission is, however, a very difficult task; in particular, it is dependent on the particular galactic foreground model. The first analysis that came out of EGRET has later been redone [8] , with a different model of the galactic diffuse γ-ray continuum, using the GALPROP simulation code.
A comparison of the EGRB from Seekumar et al. [7] (red) and Strong et al. (blue) together with estimates of different diffuse, extragalactic backgrounds from unresolved point sources. Diagram taken from Dermer [8] .
The "standard" model for explaining the EGRB is that it consists of diffuse emission from unresolved, γ-ray point sources such as blazars, quasars, starburst galaxies and starforming galaxies. Contributions from unresolved blazars, consistent with the EGRET blazar catalogue, could account for about 20% of the measured EGRB at 1 GeV. Taking into account predictions of starburst and starforming galaxies one gets about the measured values of the EGRB at 1 GeV [9] . However, these models under-predict the γ-ray flux at higher energies,arguing for new , hard γ-ray sources. depending on detail on the fraction of energy going into shocked cosmic-ray protons, the nonthermal nature of Coma's hard X-ray spectrum, and the amount of nonthermal proton energy left over from previous merger events. In addition to merger shocks, high Mach number accretion shocks at the periphery of a forming cluster can accelerate nonthermal particles [29] . The diffuse γ-ray background formed by intergalactic structure formation shocks from the calculations of Keshet et al. (2003) [30] is shown in Fig. 3 . Gamma-ray emission has not yet been convincingly detected from clusters of galaxies [27], but calculations like this indicate that clusters of galaxies are likely to be the next established class of extragalactic sources of high-energy radiation.
Diffuse Intensity from Star-Forming Galaxies We can use eq. (28) to calculate the diffuse intensity from starforming galaxies by normalizing to the density and nonthermal γ-ray luminosity of L * galaxies like the Milky Way. Fits of galaxy surveys to the Schechter luminosUsing the star formation rate function of Ref. [7] , the integral in eq. (38) is easily performed to give a value of 2.14, so that I * ∼ = 8.7 × 10
. This result is in good agreement with the more detailed treatment of the "guaranteed γ-ray background" by Pavlidou and Fields (2002) [32], plotted in Fig. 3 . The upper curve is scaled to a dust-corrected star formation rate, and the lower curve stops the integration at z = 1. Also shown is the intensity of starburst galaxies estimated from a radio/FIR correlation [33] .
Extragalactic Pulsar Emissions Using SAS-2 data for the diffuse galactic γ-ray emission and EGRET data for pulsars, the analysis of Ref. [34] shows that the total > ∼ 100 MeV flux of diffuse radiation from the Milky Way is ≈ 1.5 × 10 . Thus total pulsar emissions make up as much as 20% of the total galactic γ-ray flux in star-forming galaxies like the Milky Way.
The apparently diffuse emissions from pulsars in galaxies throughout the universe is then, to first order, at the level of ≈ 20% and proportional to the star formation history of the universe. A number of important effects must be considered for more accurate estimates of the extragalactic diffuse pulsar flux at different γ-ray energies, most obviously being the harder pulsar spectrum (compared to the cosmic-ray induced emissions) at energies up to the pulsar cutoff energies between ≈ 1 -100 GeV [35, 36] . Of great interest is to accurately measure the high-energy pulsar spectral cutoffs with GLAST, which can be included in a more complete model for the pulsar contribution to the diffuse galactic background. Unfortunately, GLAST would not be sensitive to detect MilkyWay like γ-ray pulsars from nearby galaxies. Placing the Crab pulsar at 1 Mpc would yield a > ∼ 100 MeV apparent isotropic flux 
γ-rays and ν from Beamed Sources
The evidence from EGRET and Whipple shows that beamed GRBs and blazars are the brightest extragalactic high-energy γ-ray sources, and that isotropically emitarXiv:astro-ph/0105048 v2 13 Dec 2001 feature in the diffuse extragalactic gamma-ray radiation. This feature, a sudden drop of the gammaray intensity at an energy corresponding to the WIMP mass, comes from the asymmetric distortion of the line due to WIMP annihilation into two gamma-rays caused by the cosmological redshift. Unlike other proposed searches for a line signal, this method is not very sensitive to the exact dark matter density distribution in halos and subhalos. It has been known since long that particle dark matter annihilations may produce an observable gamma-ray line [1] [2] [3] [4] [5] [6] . One of the prime particle dark matter candidates is a WIMP (Weakly Interacting Massive Particle), of which the supersymmetric neutralino is a favourite example. WIMP annihilation into γγ and Zγ would give monochromatic gamma rays with an energy equal to (or close to) the WIMP mass [3, 5, 6] . Since these gamma rays are monochromatic and have high energy they would constitute a spectacular signature of annihilating dark matter.
There has been a rapid development of the understanding of how structure forms in the Universe. In the current model for structure formation, the ΛCDM model, most of the matter is in the form of non-relativistic cold dark matter (CDM), but with a contribution to the energy density also from a cosmological constant (Λ). As shown by detailed N -body simulations (see, e.g., [7, 8] and references therein), in such a picture large structures form by the successive merging of small substructures, with smaller objects generally being denser. The N -body simulations also show that the dark matter density profile in clusters of galaxies and in single galaxies develops a steep cusp near the center, ρ CDM (r) ∼ r −α with α ranging from 1 [9] to 1.5 [10] .
At present, it is not clear whether these N -body predictions are in agreement or not with available data. On large scales, this scenario gives excellent agreement with observations, see, e.g., the prediction of the Lyman-α absorption lines at high redshifts [11] . On smaller scales, one of the main puzzles is how to properly include baryonic matter. For instance, it appears that the contradiction between the number of satellites found in the Nbody simulation of a halo with the size of the Milky Way and the number of those observed may be explained by plausible mechanisms which make most small subhalos dark [12] . It is less clear how to get agreement between the measured rotation curves of dwarf and low surface brightness galaxies and those found in ΛCDM simulations (see [13] for a recent review).
Here we will take the view that the ΛCDM picture is basically correct and that structure forms hierarchically, with the number density of halos of mass M being distributed as dN/dM ∝ M −β with β ∼ 1.9 -2, as predicted by Press-Schechter theory [14] and also verified in N -body simulations. Furthermore, we will use that the concentration of halos grows with decreasing mass.
Previous analyses (e.g., [15] [16] [17] [18] [19] [20] ) have focused on the dark matter gamma-ray signals from the Galactic center and the halo of the Milky Way or isolated nearby galaxies and satellites; in these cases the actual dark matter distribution within halos plays a crucial role for the observability. The presence of substructures, as well as of central cusps, increases the detected rates [15, [17] [18] [19] ], but still it may be difficult to resolve such individual sources (see [18] ). We now show that the integrated signal of unresolved cosmological dark matter halos gives a potential detection method which is more robust to changes of the details of how the dark matter is distributed locally.
We consider the lightest neutralino, χ, of the MSSM (the Minimal Supersymmetric Standard Model) as our template particle. The mass range is from around 50 GeV up to several TeV (see [21] for a recent review). We start with the (unrealistic) case of all the dark matter being smoothly distributed at all redshifts, and then modify the results by introducing structure. The comoving number density n c of neutralinos, after decoupling from chemical equilibrium ("freeze-out") at very large temperatures (T ∼ m χ /20) is depleted slightly due to self-annihilations, governed by the Boltzmann equatioṅ n c = − σv (1 + z) 3 n 2 c , where σv is the thermallyaveraged annihilation rate, which, to an excellent approximation after freeze-out, is velocity independent, since the neutralinos move non-relativistically.
Each of the χ particles that disappears will give rise to N γ photons on the average, with an energy distribution in the rest frame of the annihilation
where the first term gives the average continuum gamma 1 3σ exclusion curves for one year of GLAST simulated data. Moore+Sh denotes the model according to Moore et al [10] with substructures, NFW denotes the Navarro Frank White profile [9] .
